Large amounts of biochar are produced worldwide for potential agricultural applications. However, this material can also be used as an efficient biosorbent for xenobiotics removal. In this work, biochar was magnetically modified using microwave-synthesized magnetic iron oxide particles. This new type of a magnetically responsive biocomposite material can be easily separated by means of strong permanent magnets. Magnetic biochar has been used as an inexpensive magnetic adsorbent for the removal of water-soluble dyes. Five dyes (malachite green, methyl green, Bismarck brown Y, acridine orange and Nile blue A) were used to study the adsorption process. The dyes adsorption could be usually described with the Langmuir isotherm. The maximum adsorption capacities reached the value 137 mg of dye per g of dried magnetically modified biochar for Bismarck brown Y. The adsorption processes followed the pseudo-second-order kinetic model and the thermodynamic studies indicated spontaneous and endothermic adsorption. Extremely simple magnetic modification of biochar resulted in the formation of a new, promising adsorbent suggested for selected xenobiotics removal.
INTRODUCTION
Biosorption of organic pollutants, heavy metal ions and radionuclides using a variety of low-cost biological materials represents an emerging possibility for the reduction of environmental pollution. Enormous amount of biological materials has already been tested (Volesky & Holan ; Srinivasan & Viraraghavan ) . In most cases, the efficient biosorbents are based on plant materials, microbial biomass or different types of polysaccharides. Recently, biochar has become a useful adsorbent for many types of xenobiotics (Xie et al. ) .
Biochar is a black carbon rich product formed during thermal decomposition of biomass (e.g. wood, manure, or leaves), under limited supply of oxygen and usually at temperatures between 350-900 W C. This material is primarily used as soil amendment in agriculture and soil remediation when it acts simultaneously as a carbon sink. After insertion to soils, biochar can provide multiple benefits, including improvement of soil fertility, increasing soil nutrient and water holding capacity, raising crop productivity, and reducing emissions of greenhouse gases from soils to mitigate global warming (Zhang et al. ; Nartey & Zhao ) .
Recently, new biochar applications have been introduced, especially as adsorbents for removal of both inorganic and organic contaminants (Xie et al. ) . Due to the typically low cost of biochar, this material could, in many cases, substitute more expensive activated charcoal.
Magnetically responsive biochar derivatives can substantially simplify the separation from difficult-to-handle environments. Several procedures for the preparation of magnetic biochar have been described. One of the approaches is based on the modification of native biomass with the solution of ferric chloride; after drying, the material was pyrolyzed to form biochar/maghemite composite (Zhang et al. ) . Alternatively, mixture of ferrous and ferric salts was used under similar conditions to form biochar/magnetite composite (Chen et al. ) .
Also, postmagnetization procedures have been used, based on the immersion of the biochar into the Fe 2þ and Fe 3þ solution followed by the addition of sodium hydroxide and heating (Wang et al. ; Han et al. ) ; unfortunately, these are procedures of several steps requiring timeconsuming operations.
In this paper we present an extremely simple and generally applicable procedure for magnetic modification of already prepared biochar which requires just simple mixing of biochar with microwave synthesized magnetic iron oxide particles followed by a drying process. Virtually any type of biochar can be converted into its magnetic derivative using this extremely simple procedure. Prepared magnetic biochar was characterized in detail and used as an efficient adsorbent of several water soluble dyes.
EXPERIMENTAL Materials
Malachite green (CI 42000, MW 364.91 g/mol) was obtained from Roth, Germany while Bismarck brown Y (C.I. 21000, MW 419.31 g/mol) was from Sigma, USA. Acridine orange (C.I. 46005, MW 265.36 g/mol) and methyl green (C.I. 42585, MW 364.85 g/mol) were purchased from Loba Feinchemie, Austria while Nile blue A sulphate (C.I. 51180, MW 732.85 g/mol) was from Chemische Fabrik GmbH, Germany. All other used common chemicals were from Sigma-Aldrich, Czech Republic.
Biochar preparation and characterization
The biochar used for magnetization and adsorption experiments was produced from the fine fraction (<10 mm) of sieved mixed wood. The feedstock consisted of even portions of coniferous and hard wood. It was treated by the continuous slow pyrolysis production system Pyreg 500 at Swiss Biochar GmbH in Belmont sur Lausanne. Pyrolysis time was 22 min with continuous heating from ambient temperature to a highest treatment temperature of 700 W C.
To minimize syngas condensates formation inside the biochar structure and on its surface, the biochar was subjected for 5 min to an active outgassing under ambient air after its evacuation from the pyrolysis reactor. The basic characterization of the biochar was undertaken in accordance to the analytical methods of the European Biochar Foundation (EBC) guidelines (EBC ).
Preparation of magnetic biochar
Biochar was magnetically modified using microwave-synthesized magnetic iron oxide particles (Safarik & Safarikova ) . In a typical procedure, 1 g of FeSO 4 · 7 H 2 O was dissolved in 100 mL of water in a 600-800 mL beaker and a solution of sodium or potassium hydroxide (1 mol/L) was added slowly under mixing until the pH reached the value of ca 12; during this process, a precipitate of iron hydroxides was formed. Subsequently, the suspension was diluted up to 200 mL with water and inserted into a standard kitchen microwave oven (700 W, 2,450 MHz). The suspension was treated usually for 10 min at the maximum power. Then, the beaker was removed from the oven and the formed magnetic iron oxide nano-and microparticles were repeatedly washed with water until neutral pH of the magnetic suspension was reached.
To prepare magnetically responsive biochar, one gram of biochar was thoroughly mixed in a short test-tube or a small beaker with 2 mL of microwave iron oxide nanoand microparticles suspension (one part of completely sedimented iron oxide particles and four parts of water). Vigorous mixing with a spatula or laboratory spoon enabled homogeneous distribution of magnetic nano-and microparticles within the treated material. This mixture was allowed to dry completely at temperatures not exceeding 60 W C for 48 h. In order to increase magnetic response of the biochar composite, the amount of iron oxide particles can be increased (Safarik & Safarikova ) .
Characterization of native and magnetic biochar
X-ray powder diffraction (XRD) patterns of both native and magnetically modified biochar were recorded on PANalytical X´Pert PRO (The Netherlands) instrument in Bragg-Brentano geometry with Fe-filtered CoK α radiation (40 kV, 30 mA). The samples were inserted into conventional back-loading cavity sample holder and scanned in the 2θ range of 5-100 W in steps of 0.017 W . The commercial standards SRM640 (Si) and SRM660 (LaB 6 ) from NIST were used for evaluation of the line positions and instrumental line broadening, respectively. The acquired pattern was evaluated using the X´Pert HighScore Plus software (PANalytical), PDF-4þ and ICSD databases. The morphological study was performed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) measurements. To each sample in a small Eppendorf tube, purified water was added and the content was ultra-sonicated for 5 min. Suspensions of samples were dropped on either conductive carbon tape (for SEM) or copper grid with holey carbon film (for TEM) and air-dried. The samples were analyzed by SEM Hitachi SU6600 with accelerating voltage 15 kV, equipped with energy dispersive spectroscopy (EDS) -Thermo Noran System 7 with Si(Li) Detector (accelerating voltage of 15 kV and acquisition time 300 s). TEM analysis was done on JEOL JEM 2010F at 160 kV of accelerating voltage.
A superconducting quantum interference device (SQUID, MPMS XL-7, Quantum Design) was used for the magnetic measurements. The hysteresis loops were collected at temperatures of 5 and 300 K and in external magnetic fields ranging from À5 to þ5 T.
Specific surface area and porosity of the samples were evaluated using the nitrogen adsorption-desorption measurement method at temperature of 77.13 K (molecular cross-sectional area 0.162 nm 2 of the N 2 molecule was assumed). Isotherms were acquired by the statistic volumetric technique and obtained by Sorptomatic 1990 analyzer (ThermoFinnigan). General preparation of the sample surface was realized by degassing at room temperature for at least 20 h before the measurement, to reach pressure below 0.13 Pa. Specific surface areas were calculated using the multipoint Brunauer Emmet Teller model (BET (3)). The best fits of the BET lines were obtained using adsorption data in the region of relative pressures from 0.005 to 0.4 (p/p 0 ). Pore size distributions were calculated from the desorption branch of the nitrogen isotherms using Barrett Joyner Halenda model assuming the presence of mesoporosity (exhibited by intra-particle voids). Lowpressure part of the adsorption branches of the nitrogen isotherms were used for calculating the microporosity using the Horvath and Kawazoe model. Adsorption of dyes on magnetically modified biochar 30 mg of magnetically modified biochar were mixed with 5.0 mL of water in a test tube. Then 0.1-5 mL portion of stock water solution (1 mg/mL) of a tested dye was added and the total volume of the solution was made up to 10.0 mL with water. The suspension was mixed at 27 rpm (vertical rotator, Dynal, Oslo, Norway) at room temperature (297.15 K) for 3 h. Then the magnetic adsorbent was separated from the suspension using a magnetic separator (MPC-1 or MPC-6, Dynal, Norway) and the clear supernatant was used for the spectrophotometric measurement. The concentration of free (unbound) dye in the supernatant (C eq ) was determined from the calibration curve. The amount of dye bound to the unit mass of the adsorbent (q eq ) was calculated using the following formula:
where C 0 is the total (initial) concentration (μg/mL) of dye used in the experiment. The value q eq was expressed in mg of adsorbed dye per 1 g of adsorbent. Equilibrium adsorption data were fitted to Langmuir adsorption isotherms using SigmaPlot software.
Adsorption kinetics
Adsorption kinetics was studied under similar conditions using Bismarck brown Y, Nile blue A and malachite green (initial dye concentration 150 mg/L, 297.15 K, pH not adjusted), in different time intervals (0-180 min). The amount of adsorbed dye per unit mass of adsorbent q t (mg/g) in time t was calculated from this formula:
where C t is the concentration of dye in solution (mg/L) in time t (min). The obtained kinetic data were analyzed using the linear forms of pseudo-first-order (Lagergren ) and pseudo-second-order (Kumar ) kinetic equations given as follows, respectively:
where the rate constant k 1 (1/min) can be obtained from the linear plot of ln (q eq -q t ) against time
and the equilibrium adsorption capacity (q eq ) and the second-order rate constant k 2 (g/mg min) can be determined from the slope and intercept of plot t/q t versus t.
Thermodynamic studies
Adsorption of Bismarck brown Y, Nile blue A and malachite green on magnetically modified biochar was carried out under similar conditions as above at 282.15, 297.15 and 313.15 K. The thermodynamic equilibrium constant K d was determined from intercept of the plot of ln (q eq /C eq ) against q eq and extrapolating q e to zero (Khan & Singh ) . The other thermodynamic parameters, namely Gibbs free energy change ΔG o (J/mol), standard enthalpy change ΔH o (J/mol) and standard entropy change ΔS o (J/mol K) of studied process were calculated by using these equations (Gobi et al. ) :
where R is the universal gas constant (8.314 J/mol K) and T is the absolute temperature (K). ΔH o and ΔS o were determined from the slope and intercept of the linear plot of ln (K d ) versus 1/T.
RESULTS AND DISCUSSION
Native and magnetic biochar characterization
The biochar used for the preparation of magnetic derivative was partially characterized at the Ithaka Institute; it had an organic carbon content of 80% with a molar H/C org ratio of 0.18 and molar O/C org ratio of 0.04 indicating a comparably high aromaticity of the biochar carbon. The soluble electrolytes electrical conductivity was 0.1 S/m. The iron content of the biochar before its magnetisation was 1,840 mg/kg (dry mass). All threshold for the premium certificate of the European Biochar Foundation (EBC ) were respected.
An extremely simple magnetization procedure employing very cheap microwave assisted production of magnetic iron oxide particles from ferrous sulfate was used to prepare magnetic biochar. The synthesized magnetic iron oxide particles (nanoparticles with diameters between 20-60 nm, forming aggregates 0.1-20 μm in diameter; analysis using Mössbauer spectroscopy identified this material as a nonstoichiometric magnetite (Maderova et al. ) ) are localized on the surface of biochar after its magnetic modification (see SEM and TEM images, Figure 1) . The presence of iron oxide particles on the surface of the modified biochar was confirmed using energy-dispersive X-ray spectroscopy (see Figure 2 ). In case of this magnetic modification procedure, it can be expected that the strong binding of magnetic iron oxide particles to the surface of native biochar has been achieved by a subtle balance of van der Waals, electrostatic and hydrophobic interactions between the magnetic particles and the treated material surface (Saito et al. ) . The stability of magnetically modified biochar is very high (stable at least two months in water suspension without leakage of magnetic particles). The formed magnetically responsive biochar can be easily separated using permanent magnet or commercial magnetic separator.
The XRD characterization confirmed that both unmodified and magnetically modified biochar samples are mostly of amorphous character, with just SiO 2 and CaCO 3 as the only crystalline components (Figure 3) ; the observed slight variations in relative contents of both phases are given by the heterogeneity of biochar material and do not reflect the influence of magnetic modification process. The magnetically modified biochar sample contains in addition also features typical for poorly crystalline magnetite (nanoto microparticles).
The surface area and porosity of both native and magnetically modified biochar were analyzed under the same conditions with identical settings of the number of adsorption and desorption points (Supplement Table S1 , Supplement Figure S1 , available with the online version of this paper). Surface area of non-magnetic biochar was 348 m 2 /g and of magnetically modified biochar was 269 m 2 /g. Both samples exhibit an identical type of isotherm, combination of types I and IV ( loop type to be H3. This type of isotherms indicates the presence of both micro-and mesoporosity in material. Illustrated behavior of the adsorption-desorption hysteresis loop is typical for slit pores in carbon porous materials. This shape of isotherms and type of hysteresis loops is well described (Thommes ) and is exhibited by complicated pore-network structures of micro-mesoporous materials with ink-bottle type pores. This concept can easily be adopted for description of the intra-aggregate voids and spaces between the nanoparticles, as well as for voids in biochar particles itself. Power spectral density calculations demonstrate mostly microporous-like material, with small presence of mesoporosity.
In order to get a deeper insight into the magnetic properties of magnetically modified biochar sample, magnetization measurements were performed (see Supplement Figures S2 and S3 , available with the online version of this paper). As already discussed above, the magnetic biochar was prepared by modification with magnetic iron oxide particles (nanoparticles with diameters of 20-60 nm forming aggregates with typical sizes of 0.1-20 μm in diameter). The sample's magnetic response is in a full accordance with SEM/TEM observationsi.e. the magnetic system is not superparamagnetic at room temperature with respect to the characteristic measuring time of the SQUID magnetometer (∼10 s); the temperature of irreversibility marking the separation between the zero-field-cooled (ZFC) and field-cooled (FC) magnetization curve is above the room temperature. In addition, the average blocking temperature was found to be at ∼172 K; the maximum is very broad implying broad particles size distribution. It is hypothesized that the presence of diamagnetic matrix in biochar significantly slows down the relaxation mechanism. The increase in the ZFC magnetization curve at low temperature is probably due to the presence of some paramagnetic substance (most probably of organic nature) present in biochar. The coercivity values fall into the range expected for nonhydrated iron oxides (γ-Fe 2 O 3 , Fe 3 O 4 or their non-stoichiometric analogues). The decrease in the saturation magnetization is due to the presence of paramagnetic and diamagnetic contributions from some organic and inorganic substances present in biochar (see XRD results). The detailed parameters of the hysteresis loops are presented in Table 1 .
Adsorption of organic dyes on magnetic biochar
Magnetic biochar was applied as an adsorbent to study the binding of five water-soluble dyes belonging to different dye classes. The tested dyes comprehended methyl green and malachite green (triphenylmethane group), Bismarck brown Y (azodyes group), acridine orange (acridine group) and Nile blue A (oxazine group). Commercially available dyes were used during the experiments; they were dissolved in distilled water without buffering the solution. The pH values of the dyes stock solutions (1 mg/mL) ranged between 3.0 and 4.5 (malachite green -3.0; acridine orange -3.2; Bismarck brown Y -3.2; Nile blue -4.0; methyl green -4.5).
The contact time is an important adsorption parameter required for determination of time necessary to reach the equilibrium. As can be seen from the Figure 4 , removal of Bismarck brown Y and Nile blue A is very fast in comparison with removal of malachite green. The adsorption equilibrium was reached within 45 min for the first two dyes, while it took 150 min for malachite green. 3 h incubation was used for the adsorption experiments.
The equilibrium adsorption isotherms for the unbuffered aqueous solutions of the tested dyes are shown in Figure 5 .
These isotherms represent distribution of dyes between the aqueous and solid phases as the dye concentration increases. Langmuir and Freundlich isotherm equations are usually used for experimental data analysis in order to study the adsorption of target species from water solutions.
The Langmuir model is valid for monolayer adsorption onto a surface with a finite number of identical sites. A well known expression for the Langmuir model is given by
where q eq (expressed in mg/g or mg/mL) is the amount of the adsorbed dye per unit mass or sedimented volume of magnetically modified biomass and C eq (expressed in mg/L) is the unadsorbed dye concentration in solution at equilibrium. Q max (mg/g) is the maximum amount of the dye per unit mass of adsorbent to form a complete monolayer on the surface bound at high dye concentration and b is a constant related to the affinity of the binding sites (expressed in L/mg). Non-linear regression calculation is currently the preferred way to calculate the constants (Q max , b). The results are presented in Table 2 . The highest Q max was found for Bismarck brown Y (137.0 mg/g), while the lowest Q max value was obtained for acridine orange (19.3 mg/g). The values of standard error of estimate indicate that Langmuir isotherm can be used for the description of adsorption of all the tested dyes.
The maximum adsorption capacity values Q max obtained for magnetically modified biochar are in most cases at least comparable with literature data for other biomaterials (both in non-magnetic and magnetic forms) (Srinivasan & Viraraghavan ). Adsorption of Nile blue A (this dye exhibited relatively good adsorption on magnetic biochar) on various sorbents has been compared (see Table 3 ). Evidently, the low-cost magnetic biochar exhibits good adsorption properties for this dye and should be considered as a promising adsorbent for specific groups of organic dyes.
Adsorption kinetics
The adsorption process of Bismarck brown, Nile blue A and malachite green is documented in Figure 4 . The obtained data were subsequently analyzed to investigate kinetics of adsorption process using pseudo-first-and pseudo-second-order kinetic models (see also Supplement Figure S4 ). It is apparent from results summarized in Supplement Table S2 that the pseudo-first-order kinetic model did not fit well; the correlation coefficient was low and the calculated q eq absolutely disagreed with the experimental q eq exp value, while in the case of pseudosecond-order kinetic model the correlation coefficient reached the value close to 1.0 and the theoretical q eq value calculated from this equation approached the experimental q eq exp . (Supplement Figure S4 and Supplement Table S2 are available with the online version of this paper.)
Thermodynamic studies
The effect of temperature on the uptake of the above mentioned three dyes onto biochar can indicate the sorption nature, i.e. whether it is an exothermic or endothermic process. Thermodynamic studies were performed at three different temperatures, namely 282.15, 297.15 and 313.15 K. The higher uptake of dyes was achieved at higher temperature (Supplement Figure S5 ). This observation indicates that adsorption of the tested dyes (Bismarck brown Y, Nile blue A and malachite green) onto biochar may be endothermic. All obtained thermodynamic parameters are presented in Supplement Table S3 and Supplement Figure S6 . Negative values of Gibbs free energy change (ΔG o ) indicate the spontaneous process, positive ΔH o the endothermic nature of adsorption and positive ΔS o suggests an increase of the randomness at the solid/solution Supplement Table S3 are available with the online version of this paper.)
CONCLUSION
Magnetically responsive derivative of biochar has been prepared. This material was used as an adsorbent for the removal of selected dyes. Maximum adsorption capacities of magnetic biochar reached values up to 137 mg of adsorbed dye per one gram of adsorbent which is fully comparable with other described non-magnetic and magnetic biosorbents used for the same purpose. Extremely simple, cheap and scalable magnetic modification of biochar enabling its simple magnetic separation makes the described biosorbent superior with respect to other non-magnetic materials. It should be taken into consideration, however, that the adsorption properties of this material are strongly dependent on the dye type and conditions during the adsorption process.
